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The role of cytidine diphosphate (CDP)-glycerol in gram-positive bacteria whose walls lack poly(glycerol phosphate) was investigated. Membrane preparations from Staphylococcus aureus H, Bacillus subtilis W23, and Micrococcus sp.
2102 catalyzed the incorporation of glycerol phosphate residues from radioactive CDP-glycerol into a water-soluble polymer. In toluenized cells ofMicrococcus sp. 2102, some of this product became linked to the wall. In each case, maximum incorporation ofglycerol phosphate residues required the presence of the nucleotide precursors of wall teichoic acid and of uridine diphosphate-N-acetylglucosamine. In membrane preparations capable of synthesizing peptidoglycan, vancomycin caused a decrease in the incorporation of isotope from CDP-glycerol into polymer. Synthesis of the poly(glycerol phosphate) unit thus depended at an early stage on the concomitant syxithesis of wall teichoic acid and later on the synthesis of peptidoglycan. It is concluded that CDP-glycerol is the biosynthetic precursor of the tri(glycerol phosphate) linkage unit between teichoic acid and peptidoglycan that has recently been characterized in S. aureus H.
Cytidine diphosphate (CDP)-glycerol has been known for many years to be the precursor of the poly(glycerol phosphate) teichoic acids in bacterial walls. However, many gram-positive bacteria that do not have glycerol-containing wall teichoic acids nevertheless still contain CDP-glycerol pyrophosphorylase (11, 16 ). These include Staphylococcus aureus H, Bacillus subtilis W23, and Micrococcus sp. 2102. Reports by Glaser and Lindsay (12) and Emdur and Chiu (8, 9) suggest that CDP-glycerol is not a precursor of the membrane poly(glycerol phosphate) lipoteichoic acid of these bacteria. Recent work in our laboratory has shown that a chain ofthree glycerol phosphate residues links the poly(ribitol phosphate) wall teichoic acid to the 6-position of a muramic acid residue of the peptidoglycan in the walls of S. aureus H (6) and a mutant of S. aureus H that lacks Nacetylglucosaminyl substituents on its wall teichoic acid (13) . The presence of a small number of glycerol phosphate residues in highly purified walls ofB. subtilis W23 and Micrococcus sp. 2102 (13) suggests that a similar linkage between teichoic acid and peptidoglycan might be present in these species. We report here evidence that CDP-glycerol is the precursor of the linkage unit in these three bacteria. In an accompanying paper, Bracha and Glaser describe independent work that supports the same conclusion for S. aureus H (3).
MATERIALS AND METHODS
Bacterial strains and media. All bacteria were grown for 3.5 h in 15-liter batches at 37 C with stirring and aeration in an L. H. Engineering fermenter. The following media were used: for S. aureus H, nutrient broth (Oxoid; 2.5%, wt/vol) and sodium succinate (1% wt/vol); for S. aureus HgolV 0 R71, tryptic soy broth (Difco) containing 0.01% (wt/ vol) glycerol (6) ; for Micrococcus sp. 2102, nutrient broth-glucose as previously described (9); and for B. subtilis W23, nutrient broth-glucose.
S. aureus H golt 0 R71 was kindly provided by L.
Julia Douglas. Membrane preparations. Bacteria were harvested in a Sorvall continuous-flow rotor at 4 C and were broken with no. 11 Ballotini beads in a Braun homogenizer in 0.05 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 8.0) containing 5 mM 2-mercaptoethanol at 4 C as previously described (4). Unbroken cells and walls were removed by centrifuging twice at 30,000 x g for 10 min, and membranes were recovered from the supernatant by centrifuging at 250,000 x g for 60 min. The pellets were washed twice with buffer and then kept frozen at -20 C until required, when they were resuspended in 0.05 M Tris-hydrochloride containing 5 mM dithiothreitol at about 20 mg (dry weight) of membrane per ml of suspension. Membranes were prepared from B. subtilis W23 by grinding cells with alumina as previously described for B. licheniformis (2) . They were resuspended in 0.05 mM Tris-hydrochloride containing 5 mM dithiothreitol at about 20 mg (dry weight) of membrane per ml of suspension. (2) . The efficiency of counting was about 15% for 3H and 50% for 14C on paper. The butanol extracts were washed four times with an equal volume of sodium chloride solution (0.9%, wt/vol), and radioactivity was measured in Triton-toluene scintillant (2) . All reaction mixtures (0.2 ml) contained 0. (15) . A 20-min toluenization period gave optimum incorporation from added nucleotides. Incubations were carried out as for membrane suspensions, and reactions were stopped by the addition of butanol. The aqueous phase and pellet after centrifugation were remixed and heated in a boiling water bath for 5 min. For the determination of total polymer synthesis, the chromatography paper method as described above was used. For measurement of polymer linked to wall, the boiled suspension was washed four times with 1 ml of 5% (wt/vol) sodium dodecyl sulfate at 60 C and the residue was recovered by centrifugation each time. The residue was then washed four times with water and a further time with cold 1% sodium dodecyl sulfate, followed by a further wash with water. The final residue was suspended in 1 ml of water and counted in 10 ml of Triton-toluene scintillant.
RESULTS
Fragmented membrane preparations from Micrococcus sp. 2102, S. aureus H, S. aureus H gol-0 R71 (a mutant lacking N-acetylglucosaminyl substituents on its wall teichoic acid), and B. subtilis W23 all catalyzed the incorporation of isotope from CDP-[3H]glycerol into a water-soluble polymer in the presence of the additional nucleotides (Table 1 ). In each case the radioactively labeled material was hydrolyzed in 2 M HCl at 100 C for 3 h, and the products were examined by paper chromatography in propan-1-ol-ammonia (15 M)-water (6:3:1 by volume) and by high-voltage paper electrophoresis in aqueous 0.625 M pyridinium acetate (pH 5.3). The labeled products in each case were glycerol, glycerol monophosphates, and glycerol diphosphate; these were characteristic hydrolysis products of poly(glycerol phosphate). Chromatography of the polymer from each of the membrane preparations on Sepharose 6B ( Fig. 1) indicated that it had a high molecular weight, but the apparent molecular weight was much decreased when chromatography was carried out in the presence of 10 mM sodium deoxycholate (Fig. 1) . The glycerol polymer therefore appeared to form micelles in aqueous solution. When the chromatography was carried out on polymer labeled from [14CWN-acetylglucosamine in the enzyme system from either Micrococcus sp. 2102 or S. aureus H, the labeled product ran identically with the glycerol-labeled material.
Micrococcus sp. 2102. Synthesis of the glycerol phosphate polymer by membranes from Micrococcus sp. 2102 was stimulated five-to 10-fold by UDP-N-acetylglucosamine (Table 1) . This nucleotide is the precursor of wall polymer in this strain (4) , and incubation with the radioactive nucleotide showed that this polymer [poly(N-acetylglucosamine 1-phosphate)] was synthesized by the membrane preparation (Table 1). Controlled acid hydrolysis (0.1 M HCl at 100 C for 30 min) of the teichoic acid yielded only N-acetylglucosamine 6-phosphate and a trace of N-acetylglucosamine, as expected for 8.5 . In one experiment the column was re-equilibrated with the same buffer containing 10 mM sodium deoxycholate, and the position of the radioactive peak under these conditions has been adjusted to allow for the small change in the exclusion volume of the column in the presence of the detergent. Fractions of 2.5 ml were collected, and 0.5-ml samples were counted for radioactivity in Triton-toluene scintillant. Symbols: *, Tris buffer; 0, Tris + deoxychalate.
this wall teichoic acid. The presence of CDPglycerol did not have much effect on the synthesis of the teichoic acid (Table 1 ) and did not change the pattern of products of acid hydrolysis. Nevertheless, the glycerol and N-acetylglucosamine in the polymeric material could not be separated by chromatography on Sepharose 6B in the presence or absence of deoxycholate. Thus, both appear to be micellar in aqueous solution and to dissociate into units of similar molecular weight in detergent.
Toluenized cells of Micrococcus sp. 2102 incorporated label from UDP-[14C]N-acetylglucosamine into both soluble and wall-bound polymer ( Table 2) . Incorporation of isotope into the wall, but not into unbound polymer, was slightly stimulated by CDP-glycerol. Part of this incorporation was inhibited by vancomycin, suggesting that it represented peptidoglycan synthesis from added UDP-N-acetyglucosamine ahd endogenous UDP-N-acetylmuramyl pentapeptide or polyprenol pyrophosphate Nacetylmuramyl pentapeptide. The remaining polymer synthesis was of wall teichoic acid, as shown by the acid hydrolysis products. In the absence of unlabeled UDP-N-acetylglucosamine, the toluenized cells incorporated a small amount of radioactivity from CDP-[3H]glycerol into the wall and more into unbound polymer.
Staphylococcus aureus H. Incorporation of label into glycerol phosphate polymer in S. aureus H membrane was also dependent upon the presence of substrate for wall teichoic acid synthesis .(CDP-ribitol) as in the case of Micrococcus 2102, but UDP-N-acetylglucosamine was also essential for glycerol phosphate incorporation (Table 3 ). The requirement for UDP-Nacetylglucosamine might have been due to its involvement in the glycosylation of poly(ribitol phosphate) by the membrane preparation, but this was unlikely since S. aureus Hgol-0 R71, which does not glycosylate its wall teichoic acid (13), nevertheless was stimulated 10-fold by UDP-N-acetylglucosamine, and this indicated that the requirement for this nucleotide was not entirely for glucosylation of the teichoic acid (Table 3) . Moreover, polymer synthesis in B. subtilis W23 membrane, as will be seen later (Table 4) , also required UDP-N-acetylglucosamine although its poly(ribitol phosphate) is substituted with glucosyl residues and not with N-acetylglucosamine (5). Radioactivity was incorporated into polymer from UDP-[P4C]N-acetylglucosamine in membranes ofboth S. aureus H and the mutant (Table 3 ). In S. aureus H some of the labeled polymer was presumably poly(N-acetylglucosaminyl-ribitol phosphate) attached to lipoteichoic acid carrier (10) . Addition of CDP-ribitol, for synthesis of poly(ribitol phosphate), stimulated the synthesis of this polymer. On the other hand, CDP-ribitol also slightly stimulated N-acetylglucosamine incorporation in the preparation from the mutant, where it was expected that no glycosylation would take place. The explanation of this remains obscure. There was little breakdown of CDP-glycerol to glycerol phosphates (less than 5%) during the incubation, and CDP ribitol had no effect on this.
Bacillus subtilis W23. Table 4 shows the incorporation of label from CDP-[3H]glycerol into water-soluble polymer in a membrane preparation from B. subtilis W23. In this experiment we used membrane isolated from bacte- on November 6, 2017 by guest http://jb.asm.org/ Downloaded from UDP-N-acetylglucosamine and CDP-glycerol were required. The lipid has not been characterized, but it is probably related to watersoluble polymer synthesis.
DISCUSSION
The dependence of glycerol phosphate incorporation into a high-molecular-weight product upon the presence of the substrates for wall teichoic acid synthesis strongly suggests that we are observing the synthesis of the linkage unit between wall teichoic acid and peptidoglycan recently characterized in S. aureus (13) . Experiments with toluenized cells of Micrococcus sp. 2102 support this conclusion. Glycerol from CDP-glycerol is incorporated into the walls in such cells, and the incorporation in this case is also stimulated by the substrate for wall teichoic acid synthesis; also, incorporation ofNacetylglucosamine into the wall is slightly stimulated by CDP-glycerol. The fact that synthesis of both wall teichoic acid and peptidoglycan requires UDP-N-acetylglucosamine complicates these experiments, however. The requirement for UDP-N-acetylglucosamine could not be replaced by uridine triphosphate, UDP, uridine monophosphate, UDP-glucose, or UDPgalactose in any of the experiments. The relationship between the synthesis of glycerol phosphate polymer and peptidoglycan is again shown by the experiments with B. subtilis W23 membranes, where vancomycin inhibited the synthesis of both peptidoglycan and glycerol phosphate polymer.
Unless the nucleotide precursor of wall teichoic acid synthesis in each case stimulates glycerol incorporation solely by an allosteric effect on the enzymes involved, our results indicate that wall teichoic acid synthesis must proceed in order that glycerol phosphate incorporation from CDP-glycerol into water-soluble polymer can take place in membranes from cells disrupted with glass beads. Although the role of lipoteichoic acid carrier (LTA) as the acceptor for the growing wall teichoic acid chain has been demonstrated only in S. aureus H (10), it is likely that a similar mechanism operates in the other bacteria studied here. One explanation for the micellar properties of the glycerol polymer might therefore be that the glycerol phosphate linkage unit is built up on the ribitol-terminal end of teichoic acid-LTA, which would endow the completed unit with amphiphilic properties due to the terminal glycolipid of lipoteichoic acid (7) . It is, however, difficult to envisage a convincing subsequent route for the transfer of the linkage unit into the wall since there would be no terminal phosphate group on the linkage unit to combine it with the peptidoglycan, and the terminal phosphate of the wall ribitol teichoic acid chiain would have to be removed at some stage. Even if such a mechanism were possible, it would result in the end of the teichoic acid chain that was originally attached to LTA becoming the "free" end of the teichoic acid in the completed wall. Because of the position of the N-acetylglucosaminyl substitutents on the ribitol residues of the teichoic acid of S. aureus H, the ribitol residue at the free end would not then give rise to formaldehyde on periodate oxidation of the wall. In fact, one molecule of formaldehyde is obtained for each teichoic acid chain in the wall of S. aureus H (6) , and this provides strong evidence against such a mechanism of linkage. A much simpler hypothesis would be that the acceptor on which the linkage unit is assembled is a nascent peptidoglycan chain in the membrane; however, such a mechanism does not readily explain the dependence of incorporation of glycerol phosphate upon the presence of substrates of wall teichoic acid synthesis, since in such a scheme wall teichoic acid would enter the pathway only after completion of the linkage unit on the peptidoglycan. However, if the acceptor for the glycerol phosphate residues in the linkage unit was not polymeric peptidoglycan but rather the lipid intermediate in peptidoglycan synthesis, N-acetylglucosaminyl-Nacetylmuramyl pentapeptide pyrophosphate polyprenol, then the observed results could be readily explained (Fig. 2) . Addition of three glycerol phosphate units to the disaccharidelipid intermediate would yield a lipid product that would not behave as a polymer in the system we have used. It would be lipid soluble and only become detectable as polymer after transfer to it ofthe wall teichoic acid chain from LTA. In the intact cell the complete unit would then be incorporated at an unspecified point along a growing peptidoglycan chain and hence into the wall. The stimulation of glycerol phosphate incorporation into polymer by UDP-Nacetylglucosamine might be due to the conversion of endogenous muramyl pentapeptide-lipid in the membrane into disaccharide-lipid intermediate by this nucleotide. Membranes prepared by the glass bead disruption procedure as used here are known to be able to synthesize disaccharide-lipid intermediate but not complete peptidoglycan chains (2) .
A consequence of such a pathway might be that, whereas in these wall-free membrane preparations glycerol phosphate could appear in polymer only if teichoic acid-LTA was present, in a system capable of synthesizing peptidoglycan, such as that from B. subtilis W23, glycerol-labeled polymer would not be entirely dependent upon concomitant wall teichoic acid synthesis if the membrane preparation that was used contained endogenous teichoic acidlipoteichoic acid carrier. There is evidence for such material in lipoteichoic acid preparations from Micrococcus sp. 2102 (7) .
The observation that deacylation-resistant lipids are synthesized from CDP-glycerol and UDP-N-acetylglucosamine is consistent with the pathway shown in Fig. 2 . In such a scheme the tri(glycerol phosphate) linkage unit would be built up initially in a polyprenol-containing butanol-soluble fraction that could become labeled from UDP-N-acetylglucosamine either in the disaccharide moiety or by glycosylation of one or more of the glycerol phosphate residues. Transfer to this lipid of the large poly(ribitol phosphate) chain from poly(ribitol phosphate)-LTA would render it water soluble. The product at this stage would be peptidoglycan lipid intermediate carrying a poly(ribitol phosphate) chain attached to its muramic acid residue by the tri(glycerol phosphate) linkage unit. Suitable iostope "chase" experiments should confirm or disprove this hypothesis once the problem of loss of enzymatic activity ofthe membrane during incubation and washing can be overcome.
